Abstract: Bimolecular rate constants have been measured for reactions that involve hydrogen atom transfer (HAT) from hydroxylamines to nitroxyl radicals, using the stable radicals TEMPO
Bu 2 NOH. The reactions have been monitored by UV-vis stopped-flow methods, using the different optical spectra of the nitroxyl radicals. The HAT reactions all have |∆G°| e 1.4 kcal mol -1 and therefore are close to self-exchange reactions. The reaction of 4-oxo-TEMPO
• + TEMPO-H f 4-oxo-TEMPO-H + TEMPO • occurs with k 2H,MeCN ) 10 ( 1 M -1 s -1 in MeCN at 298 K (K 2H,MeCN ) 4.5 ( 1.8). Surprisingly, the rate constant for the analogous deuterium atom transfer reaction is much slower: k 2D,MeCN ) 0.44 ( 0.05 M -1 s -1 with k 2H,MeCN /k 2D,MeCN ) 23 ( 3 at 298 K. The same large kinetic isotope effect (KIE) is found in CH 2 Cl 2 , 23 ( 4, suggesting that the large KIE is not caused by solvent dynamics or hydrogen bonding to solvent. The related reaction of 4-oxo-TEMPO
• with 4-MeO-TEMPO-H(D) also has a large KIE, k 3H /k 3D ) 21 ( 3 in MeCN. For these three reactions, the E aD -E aH values, between 0.3 ( 0.6 and 1.3 ( 0.6 kcal mol -1 , and the log(A H /A D ) values, between 0.5 ( 0.7 and 1.1 ( 0.6, indicate that hydrogen tunneling plays an important role. The related reaction of t Bu 2 NO • + TEMPO-H(D) in MeCN has a large KIE, 16 ( 3 in MeCN, and very unusual isotopic activation parameters, E aD -E aH ) -2.6 ( 0.4 and log(A H /A D ) ) 3.1 ( 0.6. Computational studies, using POLYRATE, also indicate substantial tunneling in the (CH 3 ) 2 NO
• + (CH 3 ) 2 NOH model reaction for the experimental self-exchange processes. Additional calculations on TEMPO(
• /H),
Introduction
Hydrogen transfer reactions are among the most fundamental of chemical reactions.
1 Tunneling of the proton is emphasized in many treatments of hydrogen transfer, [1] [2] [3] [4] and an increasing number of these reactions are being found to have large hydrogen/deuterium kinetic isotope effects (KIEs) and activation parameters that indicate the importance of tunneling.
5 While a number of these reactions are understood in detail, there is limited intuition about why some hydrogentransfer reactions display the hallmarks of tunneling and others do not. Described here are experimental and computational studies of hydrogen-atom transfer (HAT) pseudo selfexchange reactions between dialkylnitroxyl radicals and dialkylhydroxylamines (eq 1) that indicate the occurrence of substantial hydrogen tunneling. These are simple and unusual cases of tunneling in oxygen-to-oxygen HAT. The contrast between these reactions and the closely related reactions of arylnitroxyl radicals, which do not show the experimental markers of tunneling, is also examined.
Hydrogen atom transfer (HAT) has been studied for over a century 6 and is the simplest chemical reaction that involves the transfer of two particles, a proton and an electron. It can therefore be considered to be a type of "proton-coupled electron transfer" (PCET). 7, 8 HAT is important in combustion and selective oxidation of alkanes, in the formation and reactivity of protein-based radicals and reactive oxygen species (ROS), and many other processes. 9 For example, HAT from the double allylic C-H bond in linoleic acid to the iron(III)-hydroxide active site in lipoxygenases has received particular attention because its H/D KIE of up to ∼80 indicates the importance of tunneling.
5a,10 HAT involving nitroxyl radicals and hydroxylamines is important in much of the chemistry of nitroxyl radicals, 11 such as their role as catalysts and cocatalysts in oxidation of organic substrates.
12-15 N-hydroxyphthalimide (NHPI) has been widely explored as a cocatalyst in Co/Mncatalyzed autoxidations of alkylaromatics, with the active species being the corresponding phthalimide N-oxyl radical (PINO • ). 16 HAT reactions from benzylic C-H bonds to PINO • in acetic acid have large deuterium 17 and the pseudo self-exchange reaction between PINO • and 4-Me-NHPI in acetic acid has k H /k D ) 11.0 (k H ) 677 ( 24 M -1 s -1 ).
18
Reactions of nitroxyl radicals with arylhydroxylamines, however, exhibit much smaller KIEs, with k H /k D ) 1.5-1.9 at ambient temperatures (see Table 2 below).
13,14
We have focused on HAT self-exchange reactions, such as the nitroxyl/hydroxylamine reactions examined here (eq 1), both because of their relative simplicity and because of our finding that the Marcus cross relation usually predicts HAT rate constants within an order of magnitude or two.
19 
1.8 at 298 K. 25 In CD 2 Cl 2 , K 2H,CD2Cl2 ) 7.6 ( 2.4 was measured similarly. As expected, the equilibrium constants for deuterium atom transfer in CD 3 CN and CD 2 Cl 2 (K 2D ), measured using TEMPO-D, are within experimental error of being the same as the K 2H values (Table 1 ). The equilibrium constants are the averages of three independent measurements. All errors reported herein are ( 2σ.
HAT equilibria are also rapidly established between 4-oxo-TEMPO
• and 4-MeO-TEMPO-H (eq 3) and between t Bu 2 NO
• and TEMPO-H (eq 4; The equilibrium constants for H and D transfer were determined at temperatures from 278-318 K for reactions 2-4 in CD 3 CN (Figure 1 ) and for reactions 2 and 4 in CD 2 Cl 2 ( Figure  S1 , Supporting Information; Figure 2a ). Under these conditions the reaction proceeds essentially to completion (K 2H,MeCN ) 4.5). The optical data were fitted across the whole spectral region (350-550 nm) using SPECFIT global analysis software. 28 The data fit well to a simple first-order A f B model (Figure 2b) , and the pseudo first-order rate constants k obs are independent of the initial concentration of 4-oxo-TEMPO
• . Plotting k obs versus [TEMPO-H] yields a straight line ( Figure  3) , indicating a first order dependence on [TEMPO-H] and a bimolecular rate constant for the forward reaction in eq 2 of k 2H,MeCN ) 10 ( 1 M -1 s -1 at 298 K. Reactions with less TEMPO-H, under second order approach-to-equilibrium conditions A + B a C + D, gave the same value of k 2H,MeCN within error.
To investigate the role of solvent, the same kinetic experiments were performed in CH 2 Cl 2 and CCl 4 solutions. Analysis as above gave k 2H,CH2Cl2 ) 48 ( 4 M -1 s -1 (Figure 3) (Figure 3 ). This rate constant is 23 ( 3 times slower than that for the same reaction of TEMPO-H at 298 K. Within experimental error, essentially the same apparent isotope effects are found in CH 2 Cl 2 , 23 ( 4, and in CCl 4 , 18 ( 5. Thus solvent polarity and hydrogen bonding to solvent do not significantly affect the KIEs. The ratio of the rate constants, however, is only a lower limit to the true KIE because the residual 2 ( 1% H in the TEMPO-D contributes significantly to the reactions. If the TEMPO-D was 99% D, the true KIE would be 30, and if it was 97% D, the true KIE would be 72.
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These are the experimental bounds on the KIE.
The kinetics of 4-oxo-TEMPO • plus excess 4-MeO-TEM-PO-H (eq 3) in MeCN were measured and analyzed in a similar fashion, to give k 3H ) 7.8 ( 0.7 M -1 s -1 at 298 K ( Figure S2 , Supporting Information). This is about 20% lower than the rate constant for reaction 2 under the same conditions, which is consistent with the equilibrium constant for reaction 3, K 3H,MeCN ) 2.8 ( 1.2, being a little smaller than K 2H,MeCN ) 4.5 ( 1.8 for reaction 2.
Similar to the case for reaction 2, the rate constant for reaction of the deuterated hydroxylamine, 4-MeO-TEMPO-D, at 298 K is much slower, k 3D ) 0.37 ( 0.05 M -1 s -1 ( Figure S2 , Supporting Information), than that for the reaction of the undeuterated compound. Since the 4-MeO-TEMPO-D is also 98 ( 1% deuterated, the k 3H /k 3D ) 21 ( 3 at 298 K is also a lower limit to the true KIE. Rate constants and k H /k D values at 298 K for the forward reactions 2-4 are given in Table 2 , along with the rate constants for other nitroxyl plus hydroxylamine reactions.
The reaction of t Bu 2 NO • and TEMPO-H (eq 4) in MeCN is uphill in free energy (K 4H,MeCN ) 0.11), so the kinetics were measured by UV-vis stopped flow techniques under second order approach-to-equilibrium conditions. The optical spectra of t Bu 2 NO
• (λ max ) 454 nm, ε ) 8.9 M -1 cm -1 ) and TEMPO
• (λ max ) 460 nm, ε ) 10.3 M -1 cm -1 ) are similar, so the overall change of the absorbance is small ( Figure S3 • caused similar changes in optical spectra, even though HAT does not occur (∆BDE ) +14 kcal mol -1 ). 30 These changes in reaction 4 are subtle, however, and are too small to enable determination of a value for the equilibrium constant. There are also subtle differences between the final reaction spectrum and that of TEMPO
• , suggesting that the products could also be, in part, hydrogen-bonded.
The forward bimolecular rate constant for eq 4 under these conditions, k 4H,MeCN , is 1.9 ( 0.2 M -1 s -1 at 298 K, as determined by fitting the data to an opposing second order equilibrium model (A + B a C + D) with a fixed K 4H,MeCN ) 0.11, using SPECFIT 28 ( Figure S3 , Supporting Information). When TEMPO-D is used, the initial spectra of the reaction mixtures are much closer to those of solutions of pure t Bu 2 NO
• , suggesting that adduct formation is isotopically sensitive, and is less favorable for TEMPO-D than for 
TEMPO-H. The rate constant for
Rate constants for reactions 2-4 have been measured as a function of temperature over 35-40 K temperature ranges. Selected Eyring plots are shown in Figure 4 , and all Eyring and Arrhenius activation parameters are listed in Table 3 . Figure 5a , has C 2h symmetry. The SCT calculations start at this TS and descend down a minimum energy path toward the reactants/products. Unfortunately, starting from the TS and moving along this reaction coordinate, the C s plane of symmetry was maintained throughout the reaction. Consequently, the SCT calculations did not lead to the hydrogenbonded reactant complex (CH 3 ) 2 NOH · · ·
• ON(CH 3 ) 2 , which has C 1 symmetry (Figure 5b) . Instead, the calculations led to the C s TS that connects the two enantiomeric geometries of the reactant complex. Destroying the C s plane in the C 2h TS by substituting two CD 3 for two CH 3 groups failed to coax the hydrogen-bonded complex to depart from the ridge on the potential energy surface that connects the two enantiomers. However, we were able to follow the reaction path back from the TS to the reactants for the self-exchange reaction between the monomethylnitroxyl radical and the monomethyl-hydroxylamine. The calculated values of k H, E a , A, and k H /k D for this reaction, (CH 3 )HNO
• + HONH(CH 3 ), are also given in Table  5 . The SCT results for the two reactions are close enough to lead us to believe that the computational results for the dimethyl reaction are reliable, despite our being unable to follow the reaction path all the way back to the reactant complex in this case. Most of the tunneling seems to originate from regions along the reaction path that are closer to the TS, where the reaction barrier is narrow, than from regions close to the reactants, where the barrier is much wider and the deviation from C s symmetry is significant.
The formation of the (CH 3 ) 2 NOH · · · • ON(CH 3 ) 2 reactant complex ( Figure 5B ) from the separated reactants is enthalpically favorable: ∆H ) -4.6 kcal mol -1 [calculated with MPW1K/6-31+G (d,p) ]. However, the entropy of complex formation [∆S ) -26.7 cal K -1 mol -1 ] is so unfavorable that the calculated value of the gas phase equilibrium constant [K ) 1.4 × 10 -4 M -1 ] at 298 K is small. Since at 298 K the reactants are lower in free energy than the reactant complex, the computed rate constants, A factors, and activation energies reported in Table 5 are for reactions starting from the separated reactants.
We used all three functionalssMPW1K, MO5-2X, and MO6sto calculate the barrier height for the hydrogen selfexchange reaction, (CH 3 ) 2 NO
• + (CH 3 ) 2 NOH, starting from the C 1 reactant complex. All three functionals gave enthalpies of activation for passage over the reaction barrier that were the same to within 1.0 kcal mol -1 . Therefore, we elected to do the tunneling calculations with just one of them, MPW1K.
The MPW1K rate constants at 298 K for the hydrogen and deuterium self-exchange reactions were computed by canonical variational transition state theory (CVT) for passage over the barrier and by small curvature tunneling (SCT) calculations for passage through the barrier. The results are contained in Table  5 . The Arrhenius activation parameters, obtained from the temperature dependences of the calculated rate constants around 298 K, are also given in Table 5 .
The k H values in Table 5 show that the SCT rate constant for hydrogen tunneling through the barrier is computed to be larger than the CVT rate constant for passage over it by a factor of about 10 5 . Tunneling reduces E a by 8.7 kcal mol -1 for hydrogen, with a decrease in log A of only 1.4. The large reduction in E a and the small decrease in log A shows that our SCT calculations predict that tunneling is very efficient in (CH 3 ) 2 NO
• + (CH 3 ) 2 NOH. The width of the barrier to this reaction is computed to be only 0.42 Å, which is presumably why tunneling is computed to be so effective at increasing the reaction rate. Table 5 also contains the results of our calculations for deuterium self-exchange in (CH 3 ) 2 NO
• + (CH 3 ) 2 NOD. Comparison of the CVT and SCT rate constants for D shows that tunneling is also predicted to dominate the reaction involving deuterium. However, a very large H/D KIE of k H /k D ) 196 is predicted for tunneling. Of this ratio, a factor of 7.4 is due to H tunneling with a 1.2 kcal mol -1 lower E a, than D. An even larger factor is due to log A H being about 1.4 larger than log A D . Even though H is calculated to tunnel through the barrier at an average energy of about 1.2 kcal mol -1 lower than D, H is calculated to tunnel with a higher probability than D by a factor of 26.5.
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Our SCT value of H/D KIE of 196 for (CH 3 ) 2 NO
• + (CH 3 ) 2 NOH/D is about a factor of 9 larger than the apparent experimental values for reaction of TEMPO-H with a variety of nitroxide radicals (Table 2) . However, as already noted, the true H/D KIEs are substantially larger than the values given in . Thus, our calculations on both the rate of and H/D KIE for this model reaction strongly support the conclusion that the dialkylnitroxyl radical reactions in Table 2 all occur by tunneling through the reaction barrier, rather than by passage over it.
Although we were unable to perform SCT calculations on larger systems, we did carry out CVT calculations on the (39) When the tunneling distance is large, there is a temperature range in which D tunnels considerably closer to the top of the barrier than H, so that the probability of passing through or over the barrier is actually greater for D than for H. Figure 6 , along with the calculated E a values from CVT for each reaction.
As shown in Figure 6 , the geometries of the TSs for all three reactions are very similar. In each TS the O-H bonds approximately bisect the C-N-C angles, strongly suggesting that the electron and the proton are transferred together between the same AO on each oxygen. This inference is confirmed by inspection of the SOMOs for the three TSs, which are shown in Figure 7 . Thus, all three reactions proceed by a mechanism in which a hydrogen atom is transferred between a pair of oxygen AOs, rather than by a mechanism in which a proton is transferred between one pair of oxygen AOs and an electron is transferred between a different pair of oxygen AOs (which in some contexts has been called proton-coupled electron transfer, PCET). 40 The CVT activation energies for the dialkylnitroxyl reactions, E a ) 15.7 and 14.5 kcal mol -1 for t Bu 2 NO • + t Bu 2 NOH and TEMPO
• + TEMPO-H, respectively, are much larger than the corresponding energy for Ph 2 NO
• + Ph 2 NOH, E a ) 5.6 kcal mol -1 . This is in pleasing agreement with the experimental finding that the rate constant for Ph 2 NO
• + Ph 2 NOH 13 is at least (40) In some circumstances, it is valuable to distinguish between an "HAT mechanism," where the e -and H + come from the same AO, and transfer to the same AO, vs a "PCET mechanism," in which the two particles are transferred between different sets of AOs in the transition structure. Figure 6 indicates that the phenyl groups lower the barrier to reaction by providing greater delocalization of the unpaired electron in the TS for Ph 2 NO
• + Ph 2 NOH reaction than in the Ph 2 NO
• reactant. In the nitroxyl radicals, the unpaired spin density of 0.88 in the N-O group of Ph 2 NO
• is about 0.1 smaller than the unpaired spin densities of 0.98 and 1.00 in the NO groups of TEMPO , respectively. This is a larger difference than the ∼0.04 Å difference in covalent radii between sp 2 and sp 3 carbon atoms. These results indicate that the phenyl groups in Ph 2 NO
• delocalize the unpaired electron in the two-center, three-electron N-O π bond.
On going from the reactants to the TS, the four C-N bond lengths in Ph 2 NO
• shorten by an average of 0.02 Å; whereas the C-N bond lengths in TEMPO • and t Bu 2 NO • shorten by less than 0.01 Å. In addition, the spin densities in the NO groups of the Ph 2 NO
• + Ph 2 NOH TS are 0.08 smaller than the spin density in the NO group of Ph 2 NO • ; whereas, the corresponding decrease in the spin densities in the NO groups is only about 0.03 in both TEMPO
• + TEMPO-H and t Bu 2 NO • + t Bu 2 NOH. The larger decreases in the C-N bond lengths and in the NO spin densities between the Ph 2 NO
• reactants and the TS for Ph 2 NO
• + Ph 2 NOH are both consistent with the TS for this reaction being stabilized by electron delocalization into the phenyl groups. We believe that this is the reason why the hydrogen self-exchange reaction of this diarylnitroxyl radical is many orders of magnitude faster than those of the dialkylnitroxyl radicals in Table 2 .
Discussion
Nitroxyl radical plus hydroxylamine reactions have been studied experimentally and computationally. The experimental reactions (eqs 2-4) are close to isoergic in both MeCN and CH 2 Cl 2 , with |∆G°| e 1.4 kcal mol -1 (Table 2) , and involve reagents that are sterically quite similar. Thus these reactions are good approximations of self-exchange reactions. Selfexchange reactions are inherently simpler to analyze than nondegenerate reactions. The symmetry of self-exchange reactions requires that the transition structure, or, more generally, the seam on the potential energy surface, be symmetrically placed between the reactant and product.
Thermochemical data show that the reactions in eqs 2-4 must occur by concerted rather than stepwise transfer of the proton and electron. For self-exchange reactions, the potential stepwise mechanisms with initial electron or proton transfer are the microscopic reverse of each other. 41 For the TEMPO • + TEMPO-H self-exchange reaction, both possible stepwise pathways proceed through a TEMPO -+ TEMPO-H •+ intermediate state. Based on the known E 1/2 and pK a values, this state is about 60 kcal mol -1 higher than TEMPO • + TEMPO-H (2.6 V or 44 pK a units). 42 For the pseudo self-exchange reactions in eqs 2-4, the data are not available to make a full analysis, but the E 1/2 and pK a values are not very different for the various compounds, 26 so these reactions will also have potential intermediate states lying ca. 60 kcal mol -1 uphill. This is dramatically higher than the Eyring barriers ∆G q < 20 kcal mol -1 found for reactions 2-4. Thus the stepwise pathways are not possible, and the reaction must occur by concerted H + /e -transfer. I. Solvent Effects. The experimental rate constants are faster in less polar and less hydrogen-bonding solvents (Table 2) . For 4-oxo-TEMPO
• + TEMPO-H, the rate constants are 10, 48, and 300 M -1 s -1 in MeCN, CH 2 Cl 2 , and CCl 4 , respectively. Litwinienko, Ingold, et al. have shown that for HAT reactions of phenols, solvent effects on the rate constants are predominantly due to the formation of a hydrogen bond between the H-atom donor and the solvent. 43 Only the fraction of the phenol that is not hydrogen bonded is reactive, and the reactivity of the non-hydrogen bonded phenol is not significantly affected by solvent. Qualitatively, this explains why the TEMPO-H reactions are slower in MeCN, a good hydrogen bond acceptor, than in chlorinated solvents. . These computed H/D KIEs are all significantly lower than the measured values for reactions 2-4, but they are ca. three times larger than the KIEs in Table  2 The small-curvature tunneling calculations on (CH 3 ) 2 NO
• + (CH 3 ) 2 NOH also show that tunneling is the dominant pathway in this model reaction for a self-exchange involving a dialkylnitroxyl radical reacting with a dialkylhydroxylamine. Tunneling through the barrier is computed to be about 10 5 times faster than passage over the barrier for H, and more than 10 3 times faster, even for D. The experimental KIEs vary little with solvent, indicating that the solvent plays little role in the tunneling process.
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The t Bu 2 NO • + TEMPO-H reaction (eq 4) is found to have very unusual activation parameters. These data derive from quite small changes in absorbance (see above), but they are based on three separate measurements of rate constants at each temperature, with consistent multiple stopped-flow runs in each measurement. The resulting A H is a thousand times larger than A D both in MeCN and CH 2 Cl 2 , and E aD is substantially smaller than E aH : E aD -E aH ) -2.5 ( 0.4 in MeCN and -3.1 ( 0.4 kcal mol -1 in CH 2 Cl 2 . That E aD < E aH is indicated by the increase in k 4H /k 4D values with temperature, in MeCN from 11 ( 1 at 278 K to 17 ( 2 at 308 K and 21 ( 6 at 318 K. These values are surprising both because they are so different than those for the very similar reactions 2 and 3, 50 and because E aD < E aH is opposite to the predictions of both semiclassical and tunneling models.
3,5 While similar unusual activation parameters have been reported for two other HAT/PCET reactions, 51 we are not sure of the origin in this case. It is interesting that the formation of the hydrogen-bonded precursor complex in this reaction,
does not include hydrogen tunneling. Still, the cross relation is essentially interpretative, and will still hold if the self-exchange and cross reactions are accelerated a comparable amount by tunneling.
III The diversity of behavior is remarkable for such similar reactions. All of the nitroxyl/hydroxylamine reactions discussed here are close to isoergic (|∆G°| e 2 kcal mol -1 , Table 2 ) so the driving forces are not the cause of these differences. The differences between the dialkyl-and the arylhydroxylamine reactions could conceivably be largely due to a steric effect. The bulkier tertiary alkyl groups might make assembly of the precursor complex more difficult and could keep the oxygen atoms farther apart. Such a difference in TS geometries would lead to higher barriers and longer H-transfer distances, enhancing the importance of tunneling in the dialkylnitroxyl reactions. However, the results of our calculations show that there is very little difference between the geometries of the TSs for the dialkyl-and diarylnitroxyl self-exchange reactions. Instead, our calculations find that the much faster Ph 2 NO • + Ph 2 NOH selfexchange reaction is due to the greater electronic delocalization provided by the phenyl groups in the transition structure. The CVT barrier for Ph 2 NO(
• /H) self-exchange reaction, 5.6 kcal mol -1 , is 9-10 kcal mol -1 lower than the CVT barriers for the t Bu 2 NO(
• /H) and TEMPO(H) self-exchange reactions (15.7, 14 .5 kcal mol -1 , respectively). Because the reaction barriers for the arylhydroxylamines are lower than those for the dialkylhydroxylamines, the former reactions can proceed by passage over, or close to the top of the barriers, without the need for substantial tunneling. In contrast, the higher reaction barriers on the potential energy surfaces for the dialkylhydroxylamine reactions lead to both H and D preferentially tunneling through the barriers. Tunneling produces the low E a and A values and the high H/D KIEs that we have both measured and calculated for the dialkylnitroxyl radical + dialkylhydroxylamine reactions.
hile many discussions of tunneling emphasize the distance over which the H or D transfers must occur, in this case the O-H bond distances in the reactant complexes and transition structures are calculated to be quite similar for the reactions of dialkylhydroxylamines vs those of arylhydroxylamines. The results of our calculations suggest that the former reactions show the experimental indications of tunneling while the latter do not because of the different barrier heights for degenerate HAT in these two types of hydroxylamines. These studies thus appear to be an experimental example of the well-known theoretical result that barrier height is as key a factor as barrier width in determining the probability of tunneling in a chemical reaction. dialkylhydroxylamines involve tunneling of both H and D, while the related reactions of arylhydroxylamines proceed over or close to the top of the reaction barriers. This dichotomy is due to the higher barriers for the dialkylhydroxylamine reactions, rather than to differences in the geometries of the reactant complexes or transition structures between the two types of hydroxylamines.
Experimental Section
Physical Techniques and Instrumentation. 1 H (500 MHz) and 13 
C{
1 H} (126 MHz) NMR were recorded on Bruker Avance spectrometers, referenced to a residual solvent peak, and reported as: δ (multiplicity, assignment, number of protons). The error for NMR integration is estimated to be (10%. Lorentzian line fitting for accurate integration was done using NUTS. 25 Electrospray ionization mass spectra (ESI/MS) were obtained on a Bruker Esquire-LC ion trap mass spectrometer and reported as m/z, with samples infused as MeCN solutions. UV-vis spectra were acquired with a Hewlett-Packard 8453 diode array spectrophotometer, and reported as λ max /nm (ε/M -1 cm -1 ). IR spectra were obtained as CD 3 CN, CD 2 Cl 2 , or CCl 4 solutions in a NaCl solution cell, using a Bruker Vector 33 or Perkin-Elmer 1720 FT-IR spectrometer, and reported in cm
